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E. colt carbamyl phosphate synthetase binds 0.2-0.4 mol equivalents ofglutamine m an acid resmtant form. The bound material is quantitativdy 
released as glutamate by weak base hydroly~ib and as a mixture of 12% glutamate, 10% 7-glutamylhydroxamate, nd 70% pyrrollidoneearboxylie 
acid by hydrolysis with hydroxylamilxe. These results provide direct evidence Ibr a 7-8lutamyl aeyl ester on the enzyme The absence of the aeyl 
ester in a mutant ¢arbamyl phosphate sYnthetase with a Cys ~-~ .-o Ser subshtut~on in the glutaminase subumt further suggests that the covalent 
intermediate is a thioestei of Cy~ -'t~, Under equihbrium conditions, the Cys"~Ser mutant enzyme brads glutamme with a Ka of 7 +_. 1 ,aM, indicating 
tlmt Cys ~ is essential for acyl ester formation but not for binding of ~utamme. 
Carbamyl phosphate synthetase; Thioester intermediate; Glutamine anaidotransferase; Glulamine hydrolysis 
1. INTR.ODUCT1ON 
The synthesis of carbamyl phosphate by glutamine- 
dependent carbamyl phosphate synthetase of E. co,',: de;- 
pearls on an initial hydrolysis of glutamine by the glu- 
taminase snbunit [11. The release of ammonia from glu- 
taraine has been shown to depend on an active site 
cysteine, as judged by inhibition of the reaction by 2- 
amino-4-oxo-5-chloropentanoic cid [2,3] or cyanate [4] 
and lack of enzyme activity in a mutant with a substitu- 
tion of a serine for a cysteine residue in the glutarninase 
domain of the protein [5]. Kinetic evidence and parti- 
tioning experiments showing that the enzyme catalyzes 
formation of 7-glutamylhydroxamate from glutamine 
and hydroxylamine also suggest the formation of a 7- 
glutamyl thioester in the reaction mechanism [6,7]. De- 
spite much evidence favoring the participation of a 
thioester intermediate similar to that shown to occur m 
the hydrolytic reaction catalyzed by papain [8,9], its 
existence in carbamyl phosphate synthetase has not 
been directly demonsuated and as a result has been a 
subject of ~ome controversy [6,10]. 
In the present study the question of whether a 7- 
glutamyl thioester is an intermediate in glutamine hy- 
drolysis catalyzed by carbamyl phosphate synthetase 
has been re-examined. Evidence is presented that the 
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acid-stable form of glutamine bound to the wild-type 
holoenzyme and previously inferred to be a thioester 
adduct of glutamate [1,6], is nearly quantitatively re- 
leased by reaction with hydroxylamine as 7-glutamyl 
hydroxamate and its cyclic derivative° pyrollidonecar- 
boxylic acid. This demonstration indicates that glutam- 
ine can be converted to an enzyme-bound acyl ester. 
The absence of the ester in a mutant enzyme with a 
Cys "*69 ~ Set substitution i the glutaminase component 
further argues that the covalent compound isa thioester 
Of Cys ~'°). 
2. EXPERIMENTAL 
2.1. Reagents 
e-[U-'4ClGlutamine (270 mCi/mmol) and L-lG-~H]~lutamine (56 Ct/ 
retool) were purcl~ased from Amersham. Other reagents were of the 
high~st quality available commercially. 
2.2. Purificattott of carbamyt pho.vJhate s),nthetases 
Wild-type carbamyl phosphate ,,ynthetase (~,98% purity) and ¢ar- 
bamyl phosplmte synthetase with a substitution Cys~Ser in the active 
site eysteine rehidue of the ~mall subunit (~90% purity) were prepared 
by previously deserib~l procedures [1I]. For the binding studies, the 
purified enzymes were equilibrated by dialy~i~ against 0.05 M HEPES/ 
NaOH, pH 7.0, 100 mM KCl, 10 mM potassium phosphate, 0.2 mM 
EDTA (HBB buffer), and filtered through cellulo.~ acetate (0.2 ,am) 
filter units (Nalgene). Wild-type small subunit was purified to ~85% 
of homogeneity i'12] from E. coti C600(zlcarBg) harboring a plasnud 
(pMAC-I 3/A) that expresses only the tarA gene. The glutamina~¢ wa~ 
dialyzed against HBB buffer and filtered ~ above. 
2.3. Proteiti determ#tatton 
The protein concentration of carbamyl phosphate 5ynthetase was 
determined from the absorbance or soluuons in 0.05 M HEPES/ 
NaOH, pH 7.6, at 280 nm, by using a ¢ocflleient o fA~ = 0.685 mg -~ 
[5,131. 
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2,4, Glutam#te binding 
Binding of L-[U.'~C]glutamine by Cys"~Ser carbamyl phosphate 
synthatase was determined by equilibrium dialysi~ in naicrodialysis 
cells (100 gl volume)accordin~ to the metl~ods escribed by Anderson 
[13], One chamber o1" the cell contained a sotutlon el' $er :s~ carbamyl 
phosphate synthetase (8.9 btM) in 50 mM HEPES/NaOH, 100 mM 
KCl, i0 mM potassium phosphate, 0,2 mM EDTA, at pH 6.9, TI~¢ 
Itgand chamber contained 64 pmol of [~C]glatamine (38,000 cpm) and 
varied concentrations (5-320 gM) of anlabel~ glutamin¢ inth~ same 
buffer, The volume of protein and ligand solution added to each of 
the chambers was 80 gl, After dialysis for 20 h at 4'C, sarnpl¢.~ of75 
gl wore withdrawn from each compartment and transferred tovials 
containing 0.2 ml of distilled water, 5ml of scintillation fluid (Liquis- 
cint) were added, and the samples were counted to a value of o ~ o1' 
0,2%, The radioactivity in the lJgand compartment was used to calcu. 
late the concentration f free ligand, The difference inconcentration 
between the protein and ligand compartments was taken us the 
amount of bound lJgand, g~ovcry of total cpm in the two compart- 
ments was 98%. The binding data were analyzed by least squar¢~ 
fitting to the Seatchard equ:ttio~, using the program Enefitter [141. 
2,5, Filter blndMg assay of protein.bound acyt ester oltemledlafe 
Formation of the enzyme-bound 7-glutamyl thioester intermediate 
was as-~ayed by a modification of the filter binding procedure de- 
scribed by Chaparian and Evans [7]. Thioostor formation'was sayed 
by measuring acid-stable incorporation ofradioactive ghalamine into 
carbamyl phosphate synthotaso or the glutaminabe subuait, To mini- 
miz¢ non.specific bindin 8 of radioactivity o the filters used in the 
assay it was important to profUter both [~H]gltttamin¢ and [t4C]glutam- 
inn through glass fiber filters (Whatman GF/A), Binding "was assayed 
at pH 6,9, at 25°C. in 50 gl of a mixture containing 50 m,rVI HEPF-S/ 
NaOH, 100 mM KCI, 10 mM potassium phosphate, and 0,2 mM 
EDTA, [t~C]. or [~H]glutamine (21,000 cpna/nmol), and 0,5-2.5 nmol 
ofcarbamy[ phosphate -.ynthetas¢, After addition of enzyrae, the mix- 
ture was equilibrated for 140 s and was then quoncited vdtlt I ml el ~ 
ice-cold 5% (w/v) trichloroaeetie acid and 100/.tl of 0, i M glutamine, 
The samples were hold at 4°C until the end of the espcriment, 
Samplo~ were filtered through two 2,5 cm glass fil~r filter discs 
(Whatman GF/A). The filters were washed twice with 10 ml of ice.cold 
1 N HCI, followed by 5 ml ofcold ether, The top fillers were dried at 
600C in vaeuo rot 2-3 It and ¢ountad in Bio.$ave (Nonaqu~.ous) 
scintillation fluid (research Products International Corp,). For each 
concentration f glutamine, xperimental values were corrected by 
subtraction ofcounts obtained from controls quenched with trichlo- 
roacetic acid prior to addition ot tire labeled 81utamine (0d-100 nmol) 
and unlabeled carrier glutammo, which were added successively. 
2,6, Analysts of en~.yme.bound gh~tamat¢ 
The acid-stable compound bound to ¢arbamyl phosphate synthe. 
taso following incubation with radioactive glutamine undor the condi- 
tions of the filter bindin8 assay was identified as a 7-glut,'tmyl tacylester 
by eleetrophoreti¢ analysis of the products forraed upon hydrolysis 
with hydroxylamine as follows, Filters (0,8 era) containing 1nmol of 
carbamyl phosphate-~ynthetase and 0.2 eqv, of [~H]glutamine (370,000 
cpm/nmol) were incubated ina 1,5 mi Eppendorf tube with 150,ul of 
0,2 M hydroxylamin¢ sulfate, pH 7, at 37'C for ~0 rain, Al'tar cmtrif. 
ugatlon, aliquots (10-30/~1) el'the supernatant sohLtion wore removed, 
unlabeled .standards (50 nmol each of glutamate and 7-glutamylhy. 
droxamate, and 20 nmoi of pyrrollidonecarboxyli¢ acid) were added, 
and the samples wore separated bypaper ¢l~trophoresis onWhatman 
3 MM paper in 0.05 M sodium acetate, pH 5,5, at S00 V" (30--40 mA), 
for 60 rain, at 10'C). The paper was dried, and the amino acids 
visualized with ninhydrin (0.1% in acetone), The regions correspond. 
ins to each of the standards including lutamine inthe ¢~ntrol sampl~ 
were olutexl from the paper with water, ¢o,ieentrated to a volume of 
200 gl and counted, A similar procedure was used to identify gluta- 
mate as th~ acyl group by alkaline hydrolysis of th~ bound adduet with 
NH~OH. Filters containing 1nmol of enzyme with 0,22 ¢qv, el" ~1"1 
label (150,000 cpmlnmoi) were incubated with 300 gl of -0.8 td 
NH~OH at 23'C for 45 rain, After ¢¢ntrifugation, a  aliquot (150gl) 
of the suporaatant solution was mixed with standards, concentrated. 
and analyzed by Paler electrophoresis as described above, 
3. RESULTS AND DISCUSSION 
3,1, Acid-resistant binding of glutamine to carbamyl 
phosphate synthetase 
Earlier studies on binding of glutamine to E, coli 
carbamyl phosphate synthetase indicate that the en- 
zyme forms a stable enzyme complex with glutamine. 
Experiments with isotopieally labeled glutamine 
pointed to 1 reel eq, of glutamine bound per reel of  
enzyme under non-equilibrium conditions [6]. The 
tightly bound glutamine did not exchange at a signifi- 
cant rate with free giutamine and reacted rapidly to 
yield glutamate when MgATP and biearbonat~ were 
added [6]. Treatment of the enzyme-glutamine complex 
with trichloroa~tic acid caused the release of only 
about 50% of' the radioactivity bound to the protein. 
The enzyme.bound radioactivity was in the form of 
both glutamine and glutamate [6]. Recent experiments 
with the pyrimidine.specifie enzyme, CAD, indicate 
that a stable intermediate is also trapped by acid de- 
naturation of this e.nzyme [7]. 
In the present studies incubation of E. coil carbamyl 
phosphate synthetase in the presence of 2 mM [t4C]gha- 
tamine followed by removal of free ligand by centrifuga- 
ticn through Sephadcx resulted in 1,01 reel cq, of gha- 
tarn';t,= bound per mole or' enzyme. Approximately 30% 
of the bound glutamine was acid stable as estimated by 
a filter binding assay, In five separate xperiments con- 
ducted with different preparations and concentrations 
f9-50/~M) of the wild-type holoenzyme, the molar ratio 
ofglutamine q, bound per reel of  enzyme ranged t'rom 
0,25 to 0.38 at saturating concentrations of  substrate. 
These values are similar to those reported by Wellner 
eta l ,  [6], Under the same conditions the amount of 
triohloroaeetic acid.resistant glutamino detected in the 
mutant enzyme with th~ Cys'%gSer substitution was 
~0,003 mol/mol, 
3,2, identity of the acid.stable compound as a 2/-glutamyl 
acyl ester 
To  identify the chemical nature of the acid-stable 
compound, wild-type carbamyl phosphate synthetase 
was incubated with [SH]glutamine and treated with 
trichloroacetic acid. As a control, acid was added to the 
mixture prior to the addition of  the labeled glutamine, 
Control and experimental samples were divided into 
two equal portions both of  which were collected on 0.8 
cm glass filters, One of tile filters was dried and counted 
to determine the total amount of  acid stable radioactiv- 
ity bound to the enzyme. The other filter was further 
washed with 0.1 N HCI and ether. Following treatment 
of the latter filter with hydroxylamine the products of 
the chemical reaction were separated by paper electro- 
136 
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phoresis as detailed in section 2. The paper was stained 
with ninhydrin to localize authentic glutamina, gluta- 
mate, and 7-glutamylhydroxamate. Th  pyrollidone- 
carboxylic acid was detected in a separate lane with 
starch-iodide after chlorination [15]. Areas correspond- 
ing to the different standards were cut out and the radi- 
oactivity was eluted and counted. 
As shown in Table I, of the total counts applied to the 
paper in the experimental sample approximately 20% 
were equally distributed between glutamate and ~'-glu- 
tamylhydroxamat¢. Most of the starting counts were 
found in the pyrollidonecarboxylic acid spot (70%). The 
recovery of the majority of the counts in pyrollidone- 
carboxylic acid is not surprising in view of the ready 
conversion of y-glutamylhydroxamate to he more sta- 
ble cyclic form [6,16], and is consistent with the conclu- 
sion that the acid-resistant compound bound to the en- 
zyme is an acyl ester of glutamate. The small amount 
of radioactivity present in the control sample was found 
predominantly in glutamine, The apparent lower (0.22 
reel eq.) stoichiometry of covalently bound ligand ob- 
served in the experiment ofTable I is due to the concen- 
tration of glutamine (200#M) present in the incubation 
mixture. Since this concentration corresponds to 1.5 x 
K~ for glutamine, only 70% of maximal binding can be 
expected (see Fig. 1). 
Treatment of the wild-type nzyme complex with 0.8 
M ammonium hydroxide also caused aquantitative r - 
lease of the bound radioactivity which, upon electro. 
phoresis, migrated almost entirely with glutamate 
(Table D. This data lends further support for the idea 
that the stably bound glutamine counts are present as 
an acyl ester of glutamate. The additional observation 
that the acyl ester is not formed with the Cys269Ser 
mutant enzyme argues that glutamine hydrolysis pro- 
coeds through an enzyme.bound thioester, as proposed 
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Fig. I. Scatghard plot of glat~mine binding by Cys~YSer carbamyl 
phosphate synthetase. Binding was determined at 4=C by ~uilibrium 
dialysis as d~cribed in section 2. The protein compartment contained 
the mutant enz)me tS.9,uM)in a baiter of0.0fi M H EPES/NaOH, 100 
mM KCI, l0 mM potassium pho~,phate, and 0.2 mM EDTA. at pH 
6.9, The [~'~C]glatamint: concentration was vari~l in the range 2.5-160 
,aM. The binding data shown in tl~e inset were used to generate the 
5catchard plot. The calculated valu~ of Ks and n ,n,ele 6.6 -'2 0.7 ,aM 
and 0.7 ± 0.02 sites per enzyme monomer, respectively. In a s'ccond 
experiment, ata protein concentration of I 1,3#M, Scatchard analysis 
ol' the binding data yielded values of K,~ and n el" 5.1 ± 1,4/~M and 
0.8 __ O, 1, respeativeiy. 
in prior studies [6] and in more recent schemes 
[7,12,17,18] for the reaction mechanism of glutamine- 
dependent carbamyl pho.~phate synthetase. 
Even though the Cys:~Ser enzyme fails to form the 
covalent aeyl ester, previous data obtained with ge- 
phadex-spun columns indicated substantial binding of 
glulamine under non.equilibrium conditions iS]. The 
binding of glutamine by the mutant enzyme was quanti. 
tatively determined inthe present study (Fig. 1). A dis- 
soc[ation constant of 6-7 #M was measured by equilib- 
Table I 
Evidence for an enzyme-bound ~,-glutamyi intermediate 
Ezpt, Filt¢r treated with Total cpm ~H label (cpm) recovered with 
Gin Olu ?.Glutamyl Pyrollid-2-one 
hyd roxamat¢ carboxylam 
hydroxylamine 
control 330 31 ~ 15 0 
experimental 72,170 9,275 7,550 49,920 
ammonium hydroxide 
control 340 120 i 2 nd 
~xp,rimental 31,020 324 23,166 nd 
Wild-type carbamyl phosphalo synthetase (2 nmol) in 50 mM H EPE$/INaOH, pH 6.9, I00 mM KCI, I0 mM potassium phosphate, 0.2 mM EDTA 
was equilibrated with 20 nmol of [~l'r]glutamino (3"/0,000 cpnVnmol in experiment 1 and 150,000 cpm/amol in experiment 2) in a finn! volume of 
I00/~I for 90 s, One halt' of tlte experimental and control mixtures were qaenciled with trichloroacedc a~id, fillca~d arm c~untcd. The other half 
was ~tlso quenched with tricbloroaceti¢ acid and treated with hydroxylamine @xperim,'nt 1) or with ammonium hydroxide {experiment 2} to 
determine the relative amount~ of glutamate (Glu), glutamln~ (Gin), ?'.$1utamyl hydroxamate, and pyrollidoneearboxylic acid, as dascribgd in 
section 2. In th~ control samples, tlm labeled slutamine was added after trichloroaecti¢ acid quenching, rid, not determined. 
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Fig 2 Effect ofslutamine concentration on enzyme-bound aeyl ester 
formed with wild-type and Set -'~ carbamyl phosphate ~ynthetases, and 
the separate glutamina~c. Wild.type carbamyi phosphate synthet,tse 
(9.4,uM), So? ~ mutant enzyme (20/.t M), and the purified glutaminase 
subumt (30 ,uM) were d~ssolved m 0.05 M HF_.PES/NaOH, 100 rnM 
KCI, 10 mM potassimn phosphate, and 0.2 mM EDTA, at pH 6.9, 
ard eouilibrated at 23"C' for 1~0 ~ witi~ (~H~,Al~ta~r~ne (,2i~(~00 ¢~rn[ 
nrmdll at ~ne eoneerttra~toas "m~tcate~ 'm ~ne "~ure. "The amount o1 
labeled glutamate bound was determin~ with a filter binding assay 
as described m sectmn 2. m, wild-type arbamyl phosphate synthetase; 
o, Set :°9 enzyme; a, wtld-type glutaminase subunit 
leads to accumulation of only 0.016 mol of glutamine 
counts per mol of enzyme (Fig. 2). 
A steady-state concentration of 0.25-0.38 tool of 7'- 
glutamyl thioester per tool of enzyme monomer indt- 
cates that the ibrmation and utilization of the intermedi- 
ate occur at similar rates. This is supported by kinetic 
studies howing that the initial rates of thioester forma- 
tion and breakdown are compatible with the initial rate 
of glutamine hydrolysis [i2]. The dependence of thioe- 
ster accumulation on glutamine concentration (Fig. 1) 
is also consistent with the K,, for glutamine hydrolysis 
[12]. Taken together this evidence supports the notion 
that the thioester is an obligate intermediate in the hy- 
drolytic reaction. 
This situation appears to be altered when the glutam- 
inase is separated from the synthetase subunit. The 
marked reduction in the steady-state l vel of the acyl 
ester in the isolated glutaminase suggests the rate limit- 
i~g event is formation ot" the acyl ester intermediate 
t°,t'tktm -'¢tran '~t~s 6own.  
Aeknowledgemems: Those studie~ were supported by Grant GM25846 
awarded by the National Institute of General Medical Science. 
rium dialysis. The comparable vahte could not be ob- 
t~m~q~, ' or ~ne norxad~ end.vine "veeause o] "i~ eTnd~ent 
hydrolysis of this substrate. Nonetheless, the low disso- 
ciation constant measured in the mutant suggests that 
Cy$ -~69 probably contributes minimally to the formation 
of the initial enzyme substrate complex. 
3.2. Steady-state concentrations of the acyi intermediate 
in wild-type and mutant enzymes and in isolated 
glutaminase subuntt 
The steady-state concentration of covalently bound 
glutamate as a function of glutamine concentration was 
measured in the wild-type and mutant carbamyl phos- 
l:/Cace syrtct'tetase ~.ttd ict ct'te ','~/~.d-c~pe ttcatt'tiaa~e b -  
unit (Fig. 2). The data were analyzed by fitting to the 
Michaelis-Menten equation. In this experiment he 
maximum amount of intermediate accumulated by 
wild-type carbamyl phosphate synthetase was 0.29 _ 
0.01 mol/mol with an apparent K~ for glutamine of 88 
+ 11 ,uM. The notable absence of any significant glu- 
tamine counts in the mutant holoenzyme is con:;istent 
with the notion that formation of the acyl ester depends 
on the presence of' the Cys :r'9 residue. Only low levels of 
the acyl ester intermediate are detected with the purified 
wild-type glutaminase subunit. Incubation of the glu- 
taminase (K~,~ = 2.9 mM) with labeled glutamine in the 
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